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We have evaluated the effect of the short-term administration of low therapeutic doses of modern COX-2 inhibitors on the healing of fractures.
A total of 40 adult male New Zealand rabbits were divided into five groups. A middiaphyseal osteotomy of the right ulna was performed and either normal saline, prednisolone, indometacin, meloxicam or rofecoxib was administered for five days. Radiological, biomechanical and histomorphometric evaluation was performed at six weeks.
In the group in which the highly selective anti-COX-2 agent, rofecoxib, was used the incidence of radiologically-incomplete union was similar to that in the control group. All the biomechanical parameters were statistically significantly lower in both the prednisolone and indometacin (p = 0.01) and in the meloxicam (p = 0.04) groups compared with the control group. Only the fracture load values were found to be statistically significantly lower (p = 0.05) in the rofecoxib group. Histomorphometric parameters were adversely affected in all groups with the specimens of the rofecoxib group showing the least negative effect.
Our findings indicated that the short-term administration of low therapeutic doses of a highly selective COX-2 inhibitor had a minor negative effect on bone healing.
Non-steroidal anti-inflammatory drugs (NSAIDs) are commonly prescribed for orthopaedic conditions such as osteoarthritis, soft-tissue injuries and fractures. [1] [2] [3] [4] [5] The new generation of NSAIDs, selective cyclo-oxygenase-2 (COX-2) inhibitors, have analgesic and anti-inflammatory effects equivalent or superior to those of conventional NSAIDs, while reducing the prevalence of adverse gastrointestinal events. [1] [2] [3] [4] [5] [6] [7] Several animal and in vitro studies have shown impaired bone healing in the presence of conventional NSAIDs, as measured by a variety of different parameters. 4, 5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Initial studies investigating the effects of COX-2 selective inhibitors on bone healing yielded similar results, 5, 16, [19] [20] [21] [22] but some have shown minor or no impairment of the healing process. 11, 23, 24 Since animal data suggest that the effects of COX-2 inhibitors are probably both dosedependent and reversible, 1, 3 we investigated the effect of the short-term administration of low therapeutic doses of corticosteroids, indometacin, meloxicam and rofecoxib on non-osteonal 25 (secondary) healing of fractures in rabbits.
Materials and Methods
We used 40 adult male New Zealand white rabbits with a mean age of 3.0 months (2.3 to 3.1) and mean weight of 3.5 kg (3.4 to 3.6) at the start of the study. They were divided into five groups (A-E) of eight rabbits each and were kept under normal experimental conditions and allowed unrestricted access to standard stock diet and tap water. Six died during the induction of anaesthesia and a further 14, which were in groups B and C, developed superficial or deep infection. They were treated, withdrawn from the study and replaced by others. The experimental procedures had been reviewed and approved by an institutional animal care committee in accordance with the current National policy for experimentation in animals.
We performed an osteotomy at the middiaphysis of the right ulna on all the animals using a thin oscillating saw, 26, 27 under general anaesthesia induced by cetamine, mitazolam and atropine. Special care was taken to protect and avoid disruption of the periosteum at the site of the osteotomy which was left without fixation. All the animals were left free to move as pain allowed. All received two prophylactic doses of antibiotic of 5 mg/kg/24 hrs of enrofloxacillin (Bayer/Veterin, Leverkusen, Germany), pre-operatively and on the first post-operative day.
In the animals of group A (control), five daily doses of 0.1 ml/kg/24 hrs of NaCl 0.9% were administered by intramuscular injection starting from the day of surgery. In group B, doses of 2.5 mg/kg/24 hrs of prednisolone (Nycomed, Linz, Austria) were administered intramuscularly. In group C, similar oral doses of 2 mg/kg/24 hrs of indometacin (Remek, Athens, Greece) were given using a veterinary drug administration mouth syringe. In group D, similar doses of 0.3 mg/kg/24 hrs of meloxicam (Boehringer Ingelheim, Rhein, Germany), a low selective anti-COX-2 agent, 28 were administered by intramuscular injection. Finally, in group E, doses of 0.5 mg/kg/24 hrs of rofecoxib (Merck, Whitehouse Station, New Jersey), a highly selective anti-COX-2 agent, 28 were given orally. The doses were calculated by body-weight at a level equivalent to low therapeutic administration in man and doubled since the metabolic rate of anti-COX agents in animals is approximately twice as fast as that in man. [29] [30] [31] All the animals were killed at six weeks, using a high intravenous dose of 0.5 g of Trapanal (Altana Pharma, Konstanz, Germany). Both ulnae were dissected and the mechanical properties and the histology of the site of the osteotomy were evaluated. The left ulna was used as a control. 32 Serial lateral radiographs were taken post-operatively, at the first week and every week thereafter. At six weeks we recorded complete union as two cortices bridging the site of the osteotomy, incomplete union as one cortex bridging the site and nonunion as no bridging after a panel review of radiographs. The ratio of the diameter of the callus to the diameter of the bone (dC/dB) was also calculated. 33 The mechanical properties of the bone were studied using a Karl-Frank computerised testing machine (KarlFrank, Basel, Switzerland). The specimens of both ulnae were kept wet in normal saline and the tests were performed within 20 minutes of harvesting. A three-point bending test, applying a low cross-head displacement rate of 0.05 mm/s, was used. 18 The bending load was applied to the concave surface of the right ulna at the site of the osteotomy. On the left ulna the load was applied at the mid-shaft. The span (L) of loaded bone was 30 mm to guarantee that 85% to 90% of the flexion of the bone was caused by bending. Low fracture criteria were set at the level of 5 N in order to avoid structural damage to the specimens and to facilitate histomorphometric evaluation. Load/deflection curves were taken and from these the structural mechanical parameters of fracture load (N), stiffness (N/mm) and toughness (Nmm) were estimated. The values of all the mechanical parameters of the right ulna were recorded as a percentage of those of the contralateral intact ulna in an attempt to minimise the effect of genetic and anatomical variations in the animals. 32 After the mechanical tests had been completed, the specimens of the right ulnae of all the animals were fixed in 10% buffered formalin. Using a low-speed diamond sawing machine, slices 5 mm thick were obtained including the fracture callus and normal cortex from both sides. The specimens were dehydrated in degraded alcohol and embedded in methylmethacrylate. Histological sections, 8 cm to 10 cm thick, were cut on a Polycut Model microtome (Leica, Heidelberg, Germany), and stained with Goldner (Bio-Optica, Milan, Italy). Histomorphometric measurements were calculated on light microscopy using a semi-automatised OsteoMeasure software program (Osteometrics, Atlanta, Georgia), adopting standardisation of nomenclature, symbols and units according to the American Society of Bone and Mineral Research (ASBMR) Histomorphometry Nomenclature Committee. 34 The following primary parameters Table II . Mean (± SEM * ) value of the ratio of the diameter of the callus to the diameter of the bone (dC/dB) in the groups
Group
Ratio dC/dB A. NaCl 0. and derived indices of the callus were evaluated: the number of osteoblasts (NOb) and osteoclasts (NOc), the perimeter of the osteoblasts (OPm) and the osteoclasts (OcPm), the ratio of the osteoblast (ObS/BS) or osteoclast (OcS/BS) to the bone surface, the number of osteoblasts (NOb/BPm) or osteoclasts (NOc/BPm)/bone perimeter, the number of osteoblasts/osteoblast perimeter (NOb/ObPm), the number of osteoclasts/osteoclast perimeter (NOc/OcPm), the trabecular number (TbN), the trabecular thickness (TbTh) and trabecular separation (TbSp).
Statistical analysis. We used one-way analysis of variance (ANOVA) with or without previous transformations of the values. The normality and homogeneity of the measurements were tested by the Shapiro-Wilk and the Levene tests, respectively. 35 For the identification of relative statistical differences between groups the Duncan test was also used. 35 For the analysis of the results we used the statistical software program SPSS for Windows version 11.5 (SPSS Inc., Chicago, Illinois) and all the tests were made with a level of significance of p ≤ 0.05. A post hoc statistical power analysis 36 and Erdfelder, Bonn, Germany) was also performed with a level of significance of α = 0.05. The power of the study for the biomechanical parameters ranged between 97% and 99%, for the histomorphometric parameters between 77% and 99% and for the ratio dC/dB it was 49%.
Results
On radiological evaluation, the initial stages of formation of periosteal callus were apparent by two weeks, while signs of bridging of the site of the osteotomy appeared after the third post-operative week. The incidence of union, incomplete union and nonunion at six weeks in all groups is shown in Table I and the mean values of the ratio dC/dB at six weeks in all groups in Table II . There were no statistically significant differences in the groups for this ratio.
The results of mechanical testing are shown in Figure 1 . When specimens from group E (rofecoxib) were compared with those of group A (control), there were no statistically significant differences concerning the parameters of stiffness and toughness. Specimens from group E showed statistically significant (Duncan test, p < 0.05) lower values for fracture load compared with those of group A. Review- The mean values and standard error of the mean (SEM) of all the histomorphometric parameters and relevant indices related to NOb, NOc and bone trabeculae are shown in Figures 2 to 4 , with statistically significant differences in the groups. At six weeks specimens from group B (prednisolone), C (indometacin), D (meloxicam) and E (rofecoxib) presented a statistically significant (Duncan test, p = 0.05) lower number of NOc, a higher number of NOc and thinner bone trabeculae compared with specimens in group A (control (Figs 2 to 4) ). Specimens from groups B (prednisolone) and C (indometacin) when compared with group A (control) had statistically significant differences (Duncan test, p = 0.05) for all parameters and indices tested. When specimens from groups B (prednisolone) and C (indometacin) were compared, no statistically significant differences were found. When specimens of group D (menoxicam) were compared with those of group A (control) statistically significant differences (Duncan test, p = 0.05) were found in seven of the 13 histomorphometric parameters and indices tested. Similarly, when specimens of group E (rofecoxib) (Fig. 5) were compared with those of group A (control) (Fig. 6 ) statistically significant differences (Duncan test, p = 0.05) were found in six of the 13 parameters and indices tested. Finally, when groups D (meloxicam) and E (rofecoxib) were compared statistically significant differences (Duncan test, p = 0.05) were found in only two parameters (TbTh and NOc/OcPm). Photomicrograph of a section from group E (rofecoxib). In the lower left corner the site of the osteotomy is seen (dotted line) while the rest represents mature callus (black arrow) with the second phase of mineralisation completed. Larger and smaller remodelling units are apparent (white arrows) (Goldner staining × 10). 
Discussion
The use of NSAIDs continues to expand because of the broad spectrum of their clinical application and the relatively recent introduction of the popular COX-2 selective inhibitors. 1, 4 Numerous studies over the last two decades have shown that conventional NSAIDs have an inhibitory effect on bone healing. 4, [8] [9] [10] [11] [12] [13] [14] [15] 17, [37] [38] [39] [40] The mechanism of action of NSAIDs is the inhibition of the COX enzyme which plays a central role in the metabolism of arachidonic acid. They inhibit the production of prostaglandins which are major factors in inflammation. [1] [2] [3] [4] [5] Prostaglandins are synthesised by NOb and stimulate both the formation and resorption of bone. 1 They play a role in the formation and function of NOc by stimulation of osteoclastogenesis through direct action on NOc precursors and by stimulation of bone resorption.
The COX enzyme has two distinct isoforms, COX-1 and COX-2.
1-5 The COX-1 isoenzyme is active throughout the body and is responsible for several 'housekeeping' physiological functions, such as the maintenance of homeostatic levels of prostaglandins for the normal function of several organs, in particular the stomach. COX-2 is responsible for the regulation of prostaglandins and is induced by an array of stimuli, including pro-inflammatory cytokines, growth factors, mechanical stress, injury and inflammation. 1, 5 It is believed that the adverse gastrointestinal effects of these traditional agents are associated with the inhibition of COX-1, while the analgesic, antipyretic and anti-inflammatory effects are caused by inhibition of COX-2. Increase in the production of prostaglandins by bone cells is regulated by COX-2 expression. Conventional NSAIDs suppress both COX-1 and COX-2. It was hoped that the COX-2 selective inhibitors would be better tolerated and equally efficacious in managing inflammation. There are different levels of selectivity in anti-COX-2 action 28 which is measured by the ratio of concentrations of the agents that are able to inhibit COX-1 and COX-2 at a level of 50% in vitro (COX-1/COX-2 IC 50 ). Whereas the selective action of anti-COX-2 agents may allow inflammation to be inhibited with minimal effects on certain homeostatic mechanisms, their exact role in bone metabolism and fracture healing remains uncertain. It has been suggested that COX-2 regulates mesenchymal cell differentiation into the NOb lineage and is critically involved in bone repair. 21 Since complete inhibition of the process of bone healing has been observed in mice which generally lack COX-2, it seems that COX-2 is essential for bone healing. 20, 22 Recent studies have focused on the efficacy and the adverse effects of novel COX-2 inhibitors, especially evaluating their possible negative effect on fracture healing. 11, 16, 19, 20, 23, 24 Although a few studies suggest that there is minor or no impairment of the healing process, 11, 23, 24 most of the data indicates that in animal models COX-2 inhibitors impair bone healing. 1, 2, 4, 5, 20 The inhibitory effect of dexamethasone, indometacin and ketorolac on experimental spinal fusion in rabbits has been demonstrated, [41] [42] [43] [44] with celecoxib showing minor inhibitory effects in similar experimental conditions. 45 There are currently no published prospective studies in man addressing the same question, and the only existing retrospective study suggests a marked association of nonunion with the use of NSAIDs in patients with fracture of the femoral shaft. 46 Evaluation of existing animal studies shows that the COX-2 inhibitors were used in high doses and for extended periods of time. These do not mimic the conditions for application in man. 1, 16, 19, 20 There is also evidence that the effects of COX-2 inhibitors are both dose-dependent and reversible. 3, 9 All the studies used the rat femoral fracture model and most of them employed an intramedullary rod for fixation of the experimental fracture, which represents secondary osteonal healing. 25 In order to obtain information more clinically relevant to man we used a larger animal model, 24, 26 an ulnar osteotomy, which is a relatively difficult healing environment 47 and union by secondary (non osteonal) healing. [24] [25] [26] A steroid and a low selective (meloxicam, COX-1/COX-2 IC 50 of 6) 28 and a high selective (rofecoxib, COX-1/COX-2 IC 50 of 137) 28 NSAID were used for comparison. The doses of steroid and NSAIDs were set to be equivalent to the low therapeutic doses administered to man, bearing in mind that the metabolic rate of NSAIDs is higher in animals. [29] [30] [31] The duration of administration was set at the level of five days in order to mimic short-term analgesic and anti-inflammatory regimes in patients who have sustained fractures. The duration of the biomechanical and histomorphometric studies was six Photomicrograph of a section from group A. In the upper right corner the site of the osteotomy is seen (dotted line) while the rest represents mature callus (black arrow) with the second phase of mineralisation completed. Remodelling units of different sizes are also observed (white arrows) with their surfaces covered by numerous osteoblasts (red arrow) (Goldner staining × 10).
weeks in order to evaluate callus and fracture healing at a progressing stage 26 and to reflect the effect of discontinuation of the agents studied.
The short-term administration of prednisolone, indometacin and meloxicam in the early stages of the healing process caused a delay in the appearance of the radiological union of the osteotomies, with 50% of the animals showing delayed union when taking prednisolone and indometacin and 37.5% when taking meloxicam. By contrast, the selective anti-COX-2 agent rofecoxib did not affect radiological union, with 75% of the animals showing complete union, a similar rate of union as was observed in the control group. No agents tested in our study caused nonunion at the site of the osteotomy.
The short-term administration of prednisolone in the early stages of healing adversely affected the biomechanical and histomorphometric parameters of the site of the osteotomy, a finding similar to that found by Waters et al. 27 The biomechanical parameters were reduced by 50% when compared with those of the control group and histomorphometric examination showed a reduction in osteoblastic activity. The short-term administration of indometacin reduced the biomechanical parameters by a level of 30% to 35% when compared with those of the control group, and all histomorphometric assessment indicated delayed union of the osteotomy, as described previously. 8, 10, 14, 20, [38] [39] [40] Indometacin reduced osteoblastic activity less than prednisolone and prednisolone diminished osteoclastic activity and the structural integrity of the trabeculae less than indometacin. The adverse effect of meloxicam on healing was less apparent. Rofecoxib, a highly selective anti-COX-2 agent, caused a minor delay in healing affecting only the histomorphometric parameters.
Our study has shown that the administration of a selective anti-COX-2 in low therapeutic doses and for a short period of time is safe and that it does not affect the late stages of secondary non-osteonal bone healing. However, when celecoxib was administered for ten days it had a negative effect on fractures of the femur in a rat model. 48 Selective anti-COX-2 agents may have a dose-dependent negative effect at the initial stages of fracture healing 3, 11, 48 which reverses when administration is discontinued. 1, 3 Our study has shown that the more selective the anti-COX-2 agent is, the less negative is the effect on bone healing. Prostaglandins which are produced at the site of the fracture have a significant role in healing. It is not clear if their production is controlled by COX-2 exclusively or if a local production of COX-1 is also important. It is possible that local COX-1 protects healing and local or systematic variations in the production of prostaglandins from COX-1 and COX-2 may lead to different biological responses which affect the healing of musculoskeletal tissues. 3, 11 The possibility of administering anti-COX-2 agents to patients with fractures needs to be assessed in randomised clinical trials. This will be difficult, however, because of ethical issues and difficulties in the recruitment of patients to a study which tests the ability of a drug to inhibit healing, resulting from recent concerns regarding cardiovascular toxicity and difficulties in the grouping of individual fracture patterns, the assessment of healing and the identification of end-points.
It seems that COX-2 is essential for bone healing and its long-term inhibition with high doses of anti-COX-2 agents may impair healing as do the corticosteroids, the classic NSAIDs and the low selective anti-COX-2. However, the short-term administration of therapeutic doses of high selective anti-COX-2 agents has a minor effect on the late stages of secondary bone healing.
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